The success of eutherian mammal evolution was certainly supported by the ability of the already existing immune system to adapt to the presence of the semi-allogeneic fetus without losing the capability to defend the mother against infections. This required the acquisition of highly regulated and coordinated immunological mechanisms. Failures in the development of these strategies not only lead to the interruption of pregnancy but also compromise maternal health. Alongside changes on the cytokine profile -expansion of tolerogenic dendritic and regulatory T cells -a profound adaptation of the B cell compartment during pregnancy was recently described. Among others, the suppression of B cell lymphopoiesis and B cell lymphopenia were proposed to be protective mechanisms tending to reduce the occurrence of autoreactive B cells that might recognize fetal structures and put pregnancy on risk. On the other hand, expansion of the pre-activated marginal zone (MZ) B cell phenotype was described as a compensatory strategy launched to overcome B cell lymphopenia thus ensuring a proper defense. In this work, using an animal model of pregnancy disturbances, we demonstrated that the suppression of B cell lymphopoiesis as well as splenic B cell lymphopenia occur independently of pregnancy outcome. However, only animals undergoing normal pregnancies, but not those suffering from pregnancy disturbances, could induce an expansion and activation of the MZ B cells. Hence, our results clearly show that MZ B cells, probably due to the production of natural protective antibodies, participate in the fine balance of immune activation required for pregnancy well-being.
Introduction
The evolution of the eutherian mammal has surely represented a challenge to the rules of the already existing immune system, as it faced the dilemma to simultaneously tolerate the presence of a semiallogeneic fetus without losing the capacity to defend the mother against pathogens. This dichotomy seems to have been resolved by the acquisition of highly regulated immune strategies ensuring a fine balance between immune suppression, allowing the presence of the fetus, and immune activation, guaranteeing a proper defense.
Alongside well-known and deeply investigated immune adaptations involving dendritic cells (Segerer et al. 2012) , T cells (Ruocco et al. 2014) , NK cells (Parham 2004 ) and macrophages (Faas et al. 2014) , the B cell compartment was recently demonstrated to undergo profound modifications and adaptations during pregnancy.
B lymphocytes are fundamental components of the adaptive arm of the immune system. B cells are continuously originated from pluripotent hematopoietic stem cells in the bone marrow (BM). The pro-and pre-B cells represent the earliest B cell stages and are characterized by low expression levels of B220 and the absence of IgM expression on their cellular membrane (Hardy & Hayakawa 1991 , Hardy 2003 . The transition from pro-to pre-B cell stage requires the loss of expression of the sialoglycoprotein CD43. Once pre-B cells start expressing IgM on their cellular membrane, they become immature B cells, leave the BM and migrate to the spleen where they continue their development (Hardy 2003) . In this tissue, immature B cells give rise to either follicular (FO) or marginal zone (MZ) B cells, the most prominent mature B cell subsets in the body (Allman & Pillai 2008) . These two B cell populations have major differences in terms of phenotype, localization and functionality. FO B cells, localized in the follicular niche of the spleen and lymph nodes, are defined as B220 C CD23 hi CD21 int (Allman & Pillai 2008 , Chu et al. 2008 . Once encountering an antigen, FO B cells move into the germinal center and, upon additional signals given by T cells, differentiate into high affinity IgG-producing plasma cells and memory B cells (Allman & Pillai 2008 , Chu et al. 2008 . This process lasts w5 days, a time that can be crucial especially for fast replicating pathogens. However, this gap is covered by the B220 C CD23 lo CD21 hi MZ B cells that, due to their pre-activated phenotype and strategic localization in the marginal sinus area of the spleen, rapidly respond against pathogens, giving rise to short-life plasma cells producing low affinity antibodies (Cerutti et al. 2013) . MZ B cells are also involved in the production of IgM and IgA natural antibodies that control the first wave of an infection.
In previous studies, we and others have demonstrated that pregnancy induces a strong suppression of B cell lymphopoiesis and proposed that this might represent an evolutionarily acquired mechanism tending to reduce the occurrence of autoreactive B cells that may recognize fetal structures causing pregnancy failures (Medina et al. 1993 , Ait-Azzouzene et al. 1998 , Muzzio et al. 2014 . Despite B cell lymphopenia, we also showed that pregnant mice display an expansion of the pre-activated MZ B cells, suggesting an attempt to compensate for the reduced number of B cells during gravidity thus ensuring a proper defense (Muzzio et al. 2014) .
In this study, using a well-established animal model of immune-mediated pregnancy failures, we aimed to deeply investigate the participation of B cells in pregnancy outcome.
Materials and methods

Animals
Eight-week-old female CBA/j (H2 k ) as well as DBA/2J (H2 d ) and BALB/c (H2 d ) males were purchased from Charles River (Sulzfeld, Babavia, Germany). All mice were maintained in the facilities of the BioTechnikum Greifswald under a 12h light:12h darkness cycle with free access to water and chow. Animal experiments were carried out according to institutional guidelines after ministerial approval (institutional review board: Landesverwaltungsamt Sachsen-Anhalt (ID: FJ2-1019 to F J) and Landesamt fü r Landwirtschaft, Lebensmittelsicherheit und Fischerei Mecklenburg-Vorpommern (7221.3-1-068/13 to F J)). The experiments were conducted in conformity with the European Communities Council Directive 86/609/EEC.
For our study, we used a well-established model of immune-mediated pregnancy disturbances (Clark et al. 1986 ). Shortly after CBA/J females were mated to DBA/2J males, a median of 20-30% of the embryos resorbed (aborted). In addition, DBA/2J pregnant CBA females also displayed angiogenic deregulation, abnormal placental development and fetal growth restriction, all features of pre-eclampsia (Kanasaki & Kalluri 2009 , Ahmed et al. 2010 . BALB/c-mated CBA/J females represented the normal pregnancy combination with a median of 0% abortions and none of the symptoms described above for the DBA/2J-mated CBA/J females. Age-matched virgin CBA/J females were mated with BALB/c or DBA/2J males. Females were inspected daily for vaginal plugs, and the presence of a vaginal plug was designated as day 0 of pregnancy. Pregnant females were sacrificed at day 14 of pregnancy.
Cell preparation and flow cytometry
For flow cytometry analysis, single cell suspensions were obtained from the isolated samples following previously described procedures (Muzzio et al. 2014) . Briefly, cells were isolated from BM of the femur and tibia, spleen, blood and para-aortic lymph nodes that drain the uterus. Plasma was separated from heparinized whole blood after 10 min centrifugation at 1300g and stored at K80 8C for further analysis. Organs were crushed in a 100 mm cell strainer to obtain a single cell suspension and red blood cells were lysed for 5 min. After washing, cell suspensions were counted using a Neubauer chamber, and 1!10 6 cells were stained 30 min at 4 8C with specific labeled antibodies (Table 1) or isotype controls. It is important to note that, although CD45R (B220) is mainly expressed by the B cell lineage from early pro-B to mature B cells and it has been classically used as a B cell marker, according to eBioscience, it might also be expressed in some activated T cells, lymphokine activated killer cells, NK cell progenitors in the BM and T cells of the lpr/lpr mutant mouse. Therefore, in this study, apart from the analysis of total numbers of B cells in the spleen, this antibody has always been used in combination with other B cells markers. Data were acquired on FACSCalibur or FACS Canto (BD Biosciences, Hidelberg, Baden-Wü rttemberg, Germany) and analyzed by using FlowJo software (Tree Star, Inc., Ashland, OR, USA). B cell populations were defined using gating strategies and the percentage was later referred to the cell count obtained by the Neubauer chamber to obtain the absolute numbers of cells (Table 2) .
Analysis of immunoglobulin in serum
Concentrations of IgM, IgG1, IgG2a, IgG2b, IgG3, IgE and IgA in plasma were quantified using the ProcartaPlex Mouse Antibody Isotyping Panel (eBioscience/Affymetrix, Frankfurt am Main, Hessen, Germany) and subsequently analyzed on Luminex test equipment (Bio-Plexw 200 Systems (Bio-Rad, Munich, Bavaria, Germany)). Before starting the assay, frozen plasma samples were thawed and centrifuged at 4 8C for 10 min at 1000g. A 1:10 000 dilution of the samples was made and the multiplex assay was performed on a 96-well filter plate as described in the manufacture's instructions. The standard curve range was as follows: IgG1 (0.69-500 ng/ml), IgG2a (5.49-4000 ng/ml), IgG2b (4.12-3000 ng/ml), IgG3 (10.25-7500), IgA (4.12-3000 ng/ml), IgE (0.69-500 ng/ml) and IgM (4.12-3000 ng/ml).
BAFF ELISA
Levels of the B-cell activating factor (BAFF) of the TNF family in serum were assayed using a commercially available ELISA kit from R&D Systems (Minneapolis, MN, USA), following the supplier's recommendations.
Statistical analysis
Data were analyzed with PRISM software (v. 5.01; GraphPad, La Jolla, CA, USA). To evaluate the differences of means among the groups, ANOVA followed by Tukey's multiple comparison test or Kruskal-Wallis test were used. Significant differences are indicated with asterisks (*PZ0.05, **PZ0.01, ***PZ0.001).
Results
Normal pregnant as well as pregnant mice suffering from pregnancy disturbances display strong suppression of B cell lymphopoiesis Suppression of B lymphopoiesis in the BM during pregnancy has been previously demonstrated and was postulated to represent a physiological mechanism tending to reduce the occurrence of autoreactive B cells, thus preventing pregnancy failures (Medina et al. 1993 , Muzzio et al. 2014 . Here, using an animal model of immune-mediated pregnancy disturbances, we observed that both pregnant mice undergoing normal pregnancies and those naturally suffering from pregnancy disturbances display significantly lower numbers of B220 lo sIgM K pre-and pro-B cells as well as B220
C sIgM K immature B cells in the BM as compared to non-pregnant control mice (Fig. 1A) . Further analysis showed that a number of B220 lo IgM K CD43 K pre-B cells as well as B220 lo IgM K CD43 C pro-B cells were significantly decreased in the BM of normal pregnant mice and pregnant mice naturally suffering from pregnancy disturbances compared to non-pregnant animals (Fig. 1B) . However, when the number of B220 C sIgM C mature B cells was evaluated, a significant reduction was observed in the BM of pregnant mice suffering from pregnancy disturbances compared to non-pregnant control mice (Fig. 1A ). Pregnant mice undergoing normal pregnancies showed a slight, but not significant, reduction in the number of B220 C sIgM C mature B cells compared to non-pregnant mice (Fig. 1A ). In summary, B cell lymphopoiesis is reduced in the BM of pregnant mice regardless of pregnancy outcome.
MZ B cells are expanded in the spleen of normal pregnant mice but not in those suffering from pregnancy disturbances
In a previous study, we demonstrated that MZ B cell numbers were expanded in the spleen during pregnancy and proposed that this could be a compensatory mechanism launched to balance the lower influx of B cells observed in this tissue, thus maximizing the capacity of the maternal immune system to control pathogens (Muzzio et al. 2014) . To test this hypothesis, we began analyzing the number of total B cells in the spleen of normal pregnant as well as pregnant mice naturally suffering from pregnancy disturbances and observed that, regardless of pregnancy outcome, pregnant mice showed a significantly lower number of total B220 C B cells in the spleen compared to non-pregnant control animals ( Fig. 2A) . These results prompted us to further investigate whether the distribution of main populations of mature B cells, namely, follicular and MZ B cells, in the spleen could also be altered during normal and pathological pregnancies. Indeed, we observed that the number of B220 C CD23 hi CD21 int FO B cells was significantly decreased (12.63G0.44! 10 6 cells to 10.56G0.78!10 6 cells) in normal pregnant mice compared to non-pregnant controls (Fig. 2B) . Diminution of FO B cell numbers was even more pronounced in pregnant mice suffering from pregnancy disturbances (12.63G0.44!10 6 cells to 9.49G0.61! 10 6 cells; Fig. 2B ). Interestingly, unlike FO B cells, the number of B220 C CD23 lo CD21 hi MZ B cells was significantly higher in normal pregnant mice compared to non-pregnant animals and pregnant mice suffering from pregnancy disturbances (3.02G0.312-2.14G0.16 and 1.31G0.18!10 6 cells respectively; Fig. 2B ). We have additionally performed the ratio between MZ and FO B cells and observed a clear preponderance of MZ over FO B cells in the spleen of normal pregnant mice compared to non-pregnant and pregnant mice suffering from pregnancy disturbances (Fig. 2B) . In summary, normal pregnant mice, but not pregnant females, suffering from pregnancy disturbances exhibited an expansion of the MZ B cells compartment despite B cell lymphopenia observed in the spleen.
Enhanced levels of MZ-produced immunoglobulin in serum of normal pregnant mice
Having observed that a number of MZ B cells were increased in the spleen of normal pregnant mice even though total B cell influx was reduced in this tissue, we next focused on the functionality of these cells in terms of antibody production. As shown in Fig. 3 , serum levels of IgM, the most prominent MZ B cell-produced immunoglobulin (Guinamard et al. 2000 , Martin & Kearney 2002 , were significantly higher in the serum of normal pregnant mice compared to non-pregnant control animals as well as pregnant mice suffering from pregnancy disturbances. Similarly, serum levels of IgA, another immunoglobulin classically produced by MZ B cells (Martin & Kearney 2002 , Cerutti et al. 2013 , were also significantly higher in the serum of normal pregnant mice compared to non-pregnant control mice. When compared to pregnant mice having pathological pregnancies, the levels of IgA in the serum of normal pregnant mice were slightly, but not significantly, higher (Fig. 3) . We have additionally analyzed the levels of IgG1, IgG2a, IgG3 and IgE and observed that all of these immunoglobulin were barely, not significantly, augmented in the serum of normal pregnant mice as compared to non-pregnant and pregnant mice suffering from GS.E.M. *P!0.05, **P!0.01, ***P!0.001 as analyzed by the one-way ANOVA, followed by a Tukey multiple comparison test. pregnancy disturbances. In summary, normal pregnancy seems to be associated with an enhanced production of immunoglobulin by MZ B cells.
Reduced levels of BAFF in normal pregnant as well as pregnant mice suffering from abortions
Taking into account the fact that we have previously described a reduction in the levels of BAFF during normal pregnancies in mice (Muzzio et al. 2014) , we next wondered whether this is also true for pregnant animals suffering from immune-mediated pregnancy disturbances. As expected, we observed a significant reduction in the levels of BAFF in the serum of normal pregnant mice compared to non-pregnant control animals (from 8745G312.1 to 7622G284.8 pg/ml; Fig. 4) . Interestingly, the reduction in the levels of BAFF was even more pronounced in the case of pregnant mice undergoing pregnancy disturbances compared to non-pregnant control animals (from 8745G312.1 to 6959G283.4 pg/ml; Fig. 4 ). There were no significant differences in the levels of BAFF between normal pregnant mice and those suffering from pregnancy failures (Fig. 4) .
Increased number of mature B cells in the lymph nodes draining the uterus of normal pregnant as well as pregnant mice suffering from abortions
It has been previously demonstrated that the proportion (Newport & Carter 1983) as well as the total number of B cells (Muzzio et al. 2014) in the para-aortic lymph nodes (PLN) draining the uterus is increased during pregnancy. In this study we first confirmed this by showing that normal pregnant mice displayed a significantly higher number of B220 C CD21 C mature B cells in PLN compared to non-pregnant mice (Fig. 5) and then extended these results to show that pregnant animals suffering from abortions also displayed a significantly higher number of B220 C CD21 C mature B cells in PLN compared to non-pregnant mice (Fig. 5) . In summary, during pregnancy, the number of mature B cells is increased in the uterine-draining lymph nodes regardless of pregnancy outcome.
Discussion
We demonstrated in this study that normal pregnant mice but not those suffering from immune-mediated pregnancy failure can compensate for the strong reduction of B cell lymphopoiesis as well as splenic B cell lymphopenia occurring during gravidity by inducing mechanisms tending to favor the presence of the preactivated MZ B cells and the production of natural protective antibodies. Successful pregnancy in mammals relies on the capacity of the maternal immune system to simultaneously tolerate the semi-allogeneic fetus and protect the mother against potential infections (Arck & Hecher 2013) . This requires strong and highly regulated adaptations of maternal immunity. Suppression of B cell lymphopoiesis has been postulated to be one of these mechanisms, representing an evolutionarily acquired strategy tending to reduce the occurrence of autoreactive B cells that might recognize fetal structures and put pregnancy at risk (Medina et al. 1993 , Ait-Azzouzene et al. 1998 , Muzzio et al. 2014 . However, the fact that a lower number of B cells are being produced during this critical period of time can also compromise the capacity of the maternal immune system to fight pathogens. Hence, it becomes evident that additional adaptations are demanded. Indeed, using a mouse model of immune-mediated pregnancy failure, we demonstrated in this study that the suppression of B cell lymphopoiesis seems not to be directly associated with pregnancy outcome as both normal pregnant and pregnant mice suffering from immune-mediated pregnancy disturbances showed a significant reduction of B cell lymphopoiesis in their BM. These results prompted us to further investigate whether, independently of a direct effect on pregnancy well-being, the reduction of B cell lymphopoiesis during gravidity might affect B cell differentiation in the periphery. To analyze this, we then focused on the spleen, which is the tissue in which immature B cells arriving from the BM become either FO or MZ B cells, the most prominent mature B cell in the body (Monroe & Dorshkind 2007 , Allman & Pillai 2008 . These two B cell subtypes have different but complementary functions (Monroe & Dorshkind 2007 , Allman & Pillai 2008 . In a process that lasts w5 days after encountering an antigen, FO B cells produce T celldependent high affinity antibodies, mainly IgG subtypes (Cerutti et al. 2013) . In contrast, due to their preactivated phenotype, shortly after encountering an antigen, MZ B cells produce, in a T cell independent fashion, low affinity antibodies that are crucial for controlling the first wave of infection (Martin et al. 2001 , Colino et al. 2002 . In the context of pregnancy, we have recently demonstrated that, although the total number of B cells as well as FO B cells is reduced, the number of pre-activated MZ B cells is increased in the spleen of pregnant mice (Muzzio et al. 2014) . Based on these results we proposed that the expansion of the preactivated MZ B cell compartment may represent an acquired mechanism launched to compensate the lower influx of B cells into the spleen, thus maximizing the capacity of the maternal immune system to control infections (Muzzio et al. 2014) . Indeed, we confirm here that normal pregnant mice, but not those suffering from immune-mediated pregnancy failures, were able to induce an expansion of MZ B cells even in the presence of a splenic B cell lymphopenia. Interestingly, it has been previously proposed that the high incidence of pregnancy failure naturally occurring in the DBA/2J-mated CBA/J females is correlated with their higher susceptibility to environmental antigens (Hamilton & Hamilton 1987 ) and can be prevented or reduced by transferring natural antibodies from normal pregnant BALB/c-mated CBA/J females (Chaouat et al. 1985 , Hamilton & Hamilton 1987 (Schiemann et al. 2001 , Schneider et al. 2001 , Pillai & Cariappa 2009 . We have previously shown that pregnant mice display lower levels of BAFF as compared to non-pregnant animals (Muzzio et al. 2014 ). Here we first confirmed and then extended these results by demonstrating that mice suffering from immune-mediated pregnancy failures showed a more pronounced reduction in the levels of BAFF when compared to non-pregnant animals. However, we did not observe significant differences in the levels of BAFF between normal pregnant mice and those suffering pregnancy disturbances. Hence, it becomes evident that other factors rather than BAFF control the dynamic of MZ B cells during gravidity. Pregnancy well-being has been classically associated with a shift toward a Th2 profile, which favors the development of humoral over cellular immunity (Saito et al. 2010) . In this regard, our results concerning elevated levels of IgM and IgA -immunoglobulin more likely produced by MZ B cells -in serum of normal pregnant mice seem to at least partially support this idea. Noteworthy, levels of IgG, a FO B cell-produced immunoglobulin, did not show significant differences among the groups. T follicular helper (Tfh) cells are known to be crucial in regulating antibody production by controlling isotype class switching and plasma cell differentiation, a process involving FO B cells (Crotty 2011) . Furthermore, Tfh cells are also able to induce MZ B cell apoptosis (Tortola et al. 2010) . Taking this into account, our results might suggest a lack of Tfh activity during pregnancy, favoring a survival of MZ B cells and a shift toward T cell independent antibody response.
In summary, we have demonstrated in this study that the suppression of B cell lymphopoiesis occurring during gravidity in mice does not seem to directly affect pregnancy outcome. However, it has a strong impact on the influx of B cells into the spleen, as a splenic B cell lymphopenia was observed in pregnant mice. Notably, normal pregnant animals, but not those suffering from immune-related pregnancy failures, could compensate B cell lymphopenia by inducing an expansion of the preactivated MZ B cells and the production of natural antibodies, thus maximizing the capacity of immune defense and avoiding undesired inflammatory reactions.
Whether the increased number of MZ B cells, observed during normal pregnancy, is due to a preferential differentiation process of this B cell lineage or simply an expansion of pre-existing MZ B cells in the spleen due to an increased proliferation or decreased apoptosis rate should be addressed in the future. Our results clearly highlight the fundamental role of the MZ B cells in the intricate balance between immune suppression and activation launched during pregnancy to simultaneously tolerate the presence of the semiallogeneic fetus and ensure a proper defense of the mother against pathogens. Further studies are required in order to identify factors controlling this phenomenon.
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